The mechanisms that operate to ensure the proper timing of mitotic exit are not well understood. For example, In order to propagate, cells must duplicate their genetic in lte1 mutants, mitotic exit occurs with normal kinetics material, deliver a copy to each daughter cell, and unat 30ЊC (Adames et al., 2001), so additional mechanisms dergo cell division. After chromosome duplication, cells must exist to help Tem1 achieve the GTP bound state. enter mitosis, during which the chromosomes are segreIt is also not known whether the Bfa1/Bub2 GAP acts gated to daughter cells through the process of anaconstitutively to inactivate Tem1 or whether Bfa1 function phase. After anaphase, cells exit mitosis and initiate the is regulated in some capacity. In addition, if Bfa1/Bub2 is processes of cell division (cytokinesis) and reentry into regulated, it remains unknown which proteins control it. the G1 phase of the next cell cycle. The temporal couSuperimposed upon these issues is the question of how pling between anaphase entry and mitotic exit is a critimitotic checkpoint pathways are integrated into the regucal event for maintaining the fidelity of cell division. lation of Tem1 activation. Each of the spindle assembly, In budding yeast, the coupling of these events is asspindle orientation, and DNA damage checkpoints has the sured by a collection of genes known as the mitotic exit capacity to prevent mitotic exit when active. How they network (MEN), which act to execute mitotic exit once accomplish this arrest is unknown, but presumably they anaphase has been completed (Jaspersen et al., 1998; must interact with the MEN in some capacity to influence Morgan, 1999). The MEN genes include CDC15, LTE1, its function. Bfa1 and Bub2 are implicated in these check-MOB1, DBF2, the GTPase TEM1, the phosphatase points because mitotic arrest depends upon the presence CDC14, and the Polo-related kinase CDC5. 
Wild-type cells with integrated BFA1-HA3-TRP1 (Y1141) were grown to log phase, synchronized in G1 with ␣ factor, and then released to YPD media at 24ЊC. Samples were taken at the time indicated and prepared for FACS analysis, spindle staining, and protein preparation. Extracts were separated on SDS-PAGE and immunoblotted with anti-HA antibodies. (B) Modification of Bfa1p in cdc mutants. Cells with the indicated genotypes were arrested with ␣ factor at room temperature and then released to YPD media at 34ЊC. Protein extracts were prepared every 30 min and immunoblotted for Bfa1-HA3. (C) Bfa1 is a phosphoprotein. Protein extracts from cdc14-1 arrested cells (Y1144) were either untreated, treated with alkaline phosphatase, or treated with both phosphatase and phosphatase inhibitors. Bfa1p mobility was determined on SDS-PAGE. a negative regulator of mitotic exit, it is probable that it treatment with alkaline phosphatase converted it to the faster-migrating form ( Figure 1C ). Thus, in preanaphase would be active to inhibit mitotic exit until cells complete mitosis. Neither the transcription (Spellman et al., 1998) cells arrested by mutations in the APC/C and in telophase cells, Bfa1 accumulates in a hyperphosphorynor the protein levels (data not shown) of Bfa1 and Bub2 are cell cycle regulated. To examine posttranslational lated form. If Bfa1 is regulated by phosphorylation, the phosphorregulation, we followed the mobility of Bfa1 in synchronized cells. During G1, Bfa1 primarily migrated as a ylation should either be activating or inhibitory. A logical model would be that Bfa1 function is reduced at some single band ( Figure 1A To investigate the control of Bfa1 modification, we cdc16 mutants also arrest with hyperphosphorylated Bfa1, it is likely that Bfa1 has already been inactivated examined Bfa1 in several mutants that affect mitotic exit (Table 1) . We observed that mutants in CDC16 (a gene at this point to license cells for mitotic exit. encoding a component of APC/C complex required for both anaphase entry and mitotic exit) and mutants in Bfa1 Is Regulated by the Spindle Assembly and Spindle Orientation Checkpoints CDC14 (a gene encoding a phosphatase required for inactivation of CDK1 activity during mitotic exit) accuBub2/Bfa1 is required to prevent mitotic exit in response to spindle damage and spindle misorientation, and it mulated the slow-migrating form of Bfa1 ( Figure 1B) . This slow migration is due to phosphorylation, because is a potential target of regulation by these checkpoint as Y300 except cdc14-1 BFA1-HA3-TRP1 Y1145 as Y300 except cdc14-1 BFA1-MYC13-his5 Y1146 as Y300 except cdc16-1 BFA1-HA3-TRP1 Y1147 as Y300 except cdc5-1 BFA1-HA3-TRP1 Y1148 as Y300 except cdc5-2-URA3 Y1149 as Y300 except cdc5-2-URA3 BFA1-HA3-TRP1 Y1150 as Y300 except cdc5-dg-URA3 GAL-HIS3-UBR1 BFA1-HA3-TRP1 Y1151 as Y300 except cdc5-2-URA3 ⌬bfa1::his5 Y1152 as Y300 except cdc5-2-URA3 ⌬bub2::URA3 Y1153 as Y300 except cdc5-1 ⌬bfa1::his5 Y1154 as Y300 except cdc5-1 ⌬bfa1::his5 BFA1-LEU2 ϩ pJBN119 Y1155 as Y300 except cdc5-1 ⌬bfa1::his5 BFA1-11A-LEU2 ϩ pJBN119 Y1156 as Y300 except cdc13-1 cdc14-1 Y1157 as Y300 except cdc13-1 cdc14-1 BFA1-HA3-TRP1 Y1159 as Y300 except cdc13-1 cdc14-1 ⌬chk1::HIS3 BFA1-HA3-TRP1 Y1160 as Y300 except cdc13-1 cdc14-1 rad53-21 BFA1-HA3-TRP1 Y1161 as Y300 except cdc13-1 cdc14-1 ⌬dun1::HIS3 BFA1-HA3-TRP1 Y1162 as Y300 except cdc14-1 mps1-1 BFA1-HA3-TRP1 PY2735 ⌬act5::HIS3 act5-degron-LEU2 ⌬kar9::KanR ade2 ade3 ura3 leu2 trp1 Y1164 ⌬act5::HIS3 act5-degron-LEU2 ⌬kar9::KanR BFA1-MYC13-his5 ade2 ade3 ura3 leu2 trp1 Y1165 as Y300 except ask1-2 BFA1-HA3-TRP1 Y1166 as Y300 except cdc14-1 BFA1-HA3-TRP1 TEM1-13MYC-TRP1  Y1167 as Y300 except cdc14-1 ⌬mad2::URA3 BFA1-HA3-TRP1  Y1168  as Y300 except BFA1-HA3-TRP1 TEM1-13MYC-TRP1 pathways. To explore this, we examined the modificaand cdc14-1 mad2 cells, although with delayed kinetics relative to untreated cells (Figure 2A ). These results estion of Bfa1 in response to nocodazole. G1-synchronized cdc14-1 mutant cells grown at room temperature tablish that the spindle checkpoint helps prevent mitotic exit by inhibiting Bfa1 phosphorylation. were released to nocodazole-containing media at 34ЊC. When released into media without nocodazole, cdc14-1
We also examined Bfa1 modification in response to spindle misorientation. In act5 kar9 mutants, spindle mutants accumulate hyperphosphorylated Bfa1, but this accumulation was inhibited in the presence of nocodapoles fail to migrate into daughter cells. Instead, they elongate the spindle and segregate chromosomes zole (Figure 2A ). We also examined Bfa1 modification under conditions that activate the spindle checkpoint within mother cells (Muhua et al., 1994; Berrueta et al., 1999) . We examined Bfa1 modification in synchronized but maintain the presence of microtubules. Ask1 is a kinetochore binding protein, and ask1-2 Ts mutants aract5 kar9 cells at the nonpermissive temperature of 37ЊC. While cdc14-1 mutant control cells accumulated rest at the nonpermissive temperature with G2 DNA content and a short spindle structure due to activation of hyperphosphorylated Bfa1, act5 kar9 mutants contained only hypophosphorylated Bfa1 ( Figure 2C ). Thus, the spindle checkpoint (Y. Li et al., submitted). Cells were synchronized in G1 at room temperature and rethe phosphorylation of Bfa1 is inhibited in response to spindle misorientation. leased to the nonpermissive temperature for ask1-2 and cdc14-1. Bfa1 phosphorylation was strongly prevented in ask1-2 mutants ( Figure 2B) age checkpoint. To determine whether the DNA damshown), the difference in Bfa1 modification in these three strains cannot be caused by differences in cell cycle age checkpoint acts to prevent Bfa1 phosphorylation, cdc13-1 cdc14-1 double mutants were synchronized in distribution. Instead, this argues that Bfa1 is modified in response to DNA damage in a Rad53-and Dun1-G1 at room temperature and then released to 34ЊC. In contrast to spindle damage, we observed an accumuladependent manner. Thus, unlike the spindle checkpoint, cell cycle arrest in response to DNA damage does not tion of the hyperphosphorylated form of Bfa1 with approximately normal kinetics ( Figure 2D) . rely on the inhibition of Bfa1 phosphorylation. Instead, a Rad53-dependent additional modification on Bfa1 While DNA damage does not inhibit Bfa1 phosphorylation, it did generate a new slower-migrating band of may be involved in control of mitotic exit, the significance of which requires future investigation. Bfa1 that accumulated between 60 and 90 min ( Figure  2D ). To establish a role for the DNA damage checkpoint in Bfa1 modification, we examined Bfa1 in cdc13 mutant
The Phosphorylation of Bfa1 Is Cdc5 Dependent That Bfa1 phosphorylation is cell cycle regulated sugstrains lacking CHK1, RAD53, or DUN1. We employed a cdc14 mutation in this background to prevent checkgests that it is regulated by a kinase involved in controlling mitotic exit. Candidate MEN kinases are Cdc5, point-defective cells from progressing through the cell cycle. The damage-specific Bfa1 form failed to accumuCdc15, and Dbf2. Dbf2 and Cdc15 are thought to function after Tem1 (Lee et al., 2001a), while the position of late in cdc13-1 cdc14-1 rad53-21 and cdc13-1 cdc14-1 dun1 mutants, but it was still present in cdc13-1 cdc14-1 Cdc5 has not been formally established. To test if Cdc5 might regulate Bfa1, we constructed a heat-inducible chk1 mutants ( Figure 2D ). Since DAPI staining of DNA confirmed that cells from cdc13-1 cdc14-1 rad53-21, degron mutant, cdc5-dg, by fusing a degron cassette to the N terminus of Cdc5. In addition, UBR1, the E3 cdc13-1 cdc14-1 dun1, and cdc13-1 cdc14-1 chk1 strains arrested at the cdc14-1 block with the same ubiquitin ligase required for N end rule degradation, was overexpressed from the GAL promoter to increase the percentage of separated nuclei at 180 min (data not S phase with hydroxyurea (HU) and subsequently added galactose to induce Cdc5 while maintaining the HU Bfa1 modification was examined in cdc5-dg and cdc14-1 mutants after shifting to medium containing block. The budding index and FACS analysis indicated that cells maintained their S phase arrest during the galactose at 37ЊC. Bfa1 phosphorylation was almost completely abolished in cdc5-dg mutants relative to course of the experiment. We observed a mobility shift of Bfa1 when Cdc5 was induced ( Figure 3D ). These cdc14-1 mutants ( Figure 3B ). These results indicate that Cdc5 is required for Bfa1 phosphorylation.
findings support the notion that Bfa1 is phosphorylated in a Cdc5-dependent manner. Not all alleles of cdc5 behave the same toward Bfa1. In synchronized populations, we found that cdc5-2 mutants display defects in Bfa1 phosphorylation, while cdc5 Mutants Can Be Suppressed by Deletions of BFA1 and BUB2 cdc5-1 mutants phosphorylate Bfa1 with kinetics similar to cdc14 mutants ( Figure 3C ). This suggests that the Bfa1 is phosphorylated late in mitosis at a time when Tem1 is thought to become active. If the Cdc5-depenmitotic exit defect of cdc5-1 is likely to result from its inability to phosphorylate substrates other than Bfa1. dent phosphorylation of Bfa1 leads to its inactivation, loss of Bfa1 or Bub2 function might be expected to If Cdc5 functions upstream of Bfa1/Bub2, we rea- rescue the mitotic exit defect of cdc5 mutants. cdc5-2, tain cell cycle arrest, enhancing Cdc5 function in the presence of a checkpoint signal might interfere with cdc5-2 bub2, and cdc5-2 bfa1 mutant cells were arrested in G1 with ␣ factor at room temperature and then checkpoint arrest. To explore this possibility, we examined the effect of CDC5 overexpression on mitotic exit released to 34ЊC, and the percentage of rebudded cells was scored over time. We observed that a portion of in nocodazole-arrested cells. Cells with GAL-CDC5 or vector control were grown in raffinose, a nonrepressing the cdc5-2 bfa1 and cdc5-2 bub2 double mutant cells rebudded, whereas cdc5-2 mutants alone failed to recarbon source that allows rapid induction of transcription when galactose is added. These cells were arrested bud ( Figure 4A) . Furthermore, the deletion of BUB2 or BFA1 suppresses the Ts phenotype of cdc5-2 mutants at G1 and released into medium containing nocodazole and galactose to induce CDC5 expression. Throughout ( Figure 4A ). In contrast, these mutations failed to significantly suppress the Ts phenotype of cdc5-1 mutants the experiment, the wild-type cells arrested as large budded cells with a negligible number of rebudded cells. (Figure 4A) , consistent with the fact that cdc5-1 mutants are proficient for Bfa1 phosphorylation. These observaHowever, when CDC5 was induced, a significant portion (30%) of the cells rebudded and reinitiated DNA replications, together with the dependency of phosphorylation, argue that Cdc5 acts to antagonize Bub2/Bfa1 function. tion (as judged by the accumulation of cells with a 4N DNA content) ( Figure 4B ). These phenotypes indicate that these cells exited mitosis and reentered the G1 and Overproduction of Cdc5 Can Override Checkpoint Arrest S phases even in the presence of an active spindle checkpoint signal, suggesting that overexpression of The Cdc5-Bfa1 pathway is clearly a target of multiple cell cycle checkpoints because Bfa1 phosphorylation is CDC5 can override the spindle assembly checkpoint. We also tested the effect of overproduced Cdc5 upon controlled by these pathways. Given the genetic relationship between CDC5 and BFA1, these checkpoints cell cycle arrest in response to DNA damage generated by a cdc13 mutation. Figure 4C) , because CDC5 overgrounds. We reasoned that if Cdc5 acts in part through inhibition of Bfa1, then the nonphosphorylatable allele expression causes anaphase entry under these conditions (Sanchez et al., 1999) . of Bfa1 should be capable of exacerbating the phenotype of certain cdc5 mutants. cdc5-1 mutants are capaSince Cdc14 functions at the end of the MEN, if Cdc5 is causing bypass of cell cycle arrest through inapproprible of phosphorylating Bfa1 at their restrictive temperature ( Figure 3C) , so combining the cdc5-1 mutation with ate activation of its normal target pathways, the presence of a cdc14-1 mutation should block Cdc5-induced a potentially hyperactive BFA1-11A mutation should further debilitate cdc5-1 mutants. We constructed a cdc5-1 mitotic exit. This is true for both the spindle assembly checkpoint and the DNA damage checkpoint as cdc14-1 bfa1 strain with a URA3 plasmid containing the wildtype CDC5 gene and then integrated wild-type BFA1 or mutations blocked the cell cycle progression caused by CDC5 overexpression in both cases ( Figure 4D ). To-BFA1-11A into the strain. The integrants were then grown on 5-FOA plates to select for loss of the CDC5 gether, these results demonstrate that overproduction of Cdc5 can bypass both spindle checkpoint-induced plasmid. While strains with wild-type BFA1 grew very well on 5-FOA plates, strains with BFA1-11A failed to and DNA damage checkpoint-induced cell cycle arrest through MEN activation. grow ( Figure 5E ), indicating that expression of BFA1-11A is lethal in a cdc5-1 mutant background. The BFA1-11A allele is not toxic in cdc5-2 mutants (data not Cdc5 Phosphorylates Bfa1 In Vitro and In Vivo shown), consistent with the fact that cdc5-2 mutants To determine if Cdc5 can phosphorylate Bfa1 directly, are deficient for Bfa1 phosphorylation. These results
GST-Cdc5 and a kinase inactive Cdc5 mutant (GSTlend strong support to the conclusion that phosphorylaCdc5-kd) were purified from infected insect cells treated tion of Bfa1 by Cdc5 results in its inactivation and sugwith okadaic acid (a phosphatase inhibitor) and used to gest that Bfa1 inactivation is a significant component phosphorylate GST-Bfa1 purified from bacteria. GSTof Cdc5 function. Bfa1p was phosphorylated by GST-Cdc5 but not by GST-Cdc5-kd (Figure 5A). This phosphorylation results
Bfa1 Phosphorylation Interferes in a significant decrease in mobility of Bfa1 ( Figure 5B) .
with Bfa1-Tem1 Association Mass spectrometry was employed to map the phosIf phosphorylation interferes with Bfa1's GAP function phorylated residues on the Cdc5-treated GST-Bfa1 from it could do so by altering the enzymatic activity of the Figure 5B (Wang et al., 2001 ). Eleven phosphorylation Bfa1/Bub2 complex or its ability to associate with Tem1. events were detected, nine in the N-terminal portion of To test the latter possibility, we examined the associaBfa1 and two in the C terminus ( Figure 5C ). To test if tion of Tem1 and Bfa1 in vivo by coimmunoprecipitation these are phosphorylation sites in vivo, we mutated as described previously (Pereira et al., 2000). Immunothese 11 serine and threonine residues to alanine (Bfa1-precipitation of Tem1-Myc can efficiently bring down 11A). Mutation of these sites reduces the in vitro phosBfa1 from wild-type and cdc14 mutant strains grown at phorylation of Bfa1 by 75%, indicating that most phosthe permissive temperature. The coimmunoprecipitaphorylation sites were correctly identified (data not tion of Bfa1 was dependent on Tem1, because cells shown). To address whether these were phosphorylated lacking Tem1-Myc failed to bring down Bfa1 ( Figure 5F ). in vivo, we examined the in vivo mobility of Bfa1-11A Since these strains primarily contain hypophosphoryunder conditions that normally give rise to the hyperphoslated Bfa1, we prepared protein extracts from cdc14 phorylated form. Wild-type or BFA1-11A was expressed mutants incubated at 34ЊC to accumulate phosphoryfrom the BFA1 promoter in a cdc14-1 ⌬bfa1 mutant lated Bfa1 and to determine if Bfa1 phosphorylation background. Cells were grown at room temperature (RT) affected the association. While both hyperphosphoryor shifted to 37ЊC for 2 hr, and the mobility of Bfa1p lated and hypophosphorylated Bfa1 were present in the was examined. While wild-type Bfa1 showed a greatly input protein, only the hypophosphorylated form of Bfa1 retarded mobility when cells were arrested at 37ЊC, the coimmunoprecipitated with Tem1 ( Figure 5G ). This was Bfa1-11A mutant displayed only a slight mobility alternot due to dephosphorylation during the IP because ation ( Figure 5D ). This suggests that many of the 11 hyperphosphorylated Bfa1 was enriched in the supernasites are phosphorylated in vivo and argues strongly tant after the IP. These results suggest that the hyperthat Cdc5 phosphorylates Bfa1 in vivo. phosphorylated form of Bfa1 has a reduced ability to Given the genetic relationship between BFA1 and interact with and negatively regulate Tem1 activity and CDC5, the phosphorylation of Bfa1 is most likely to be that Cdc5 phosphorylation of Bfa1 acts to relieve the inhibitory. Thus, we would anticipate that the BFA1-inhibition of Tem1 by the Bfa1/Bub2 GAP to promote 11A mutant would be hyperactive and could result in a mitotic exit. telophase arrest or delay. This is not the case, since expressing the Bfa1-11A protein did not result in toxicity in a wild-type background. This could be explained if Our results indicate that Bfa1 is directly regulated by During the course of these studies, a paper by Lee et these checkpoint pathways. Importantly, Bfa1 is regual. (2001b) also discovered that Bfa1 displayed cell cylated differently in response to distinct checkpoint sigcle-regulated phosphorylation. However, that study nals. In response to spindle damage and kinetochore came to several conclusions in opposition to ours. They malfunction, the Cdc5-dependent phosphorylation of concluded that nocodazole prolonged Bfa1 phosphoryBfa1 is inhibited in a MAD2-and MPS1-dependent manlation, while we found that nocodazole blocked Bfa1 ner. In support of this view, Cdc5 is known to undergo phosphorylation. The difference could be in the amount a mobility shift in cells arrested via cdc13-1 or cdc23-1 or activity of nocodazole used. We feel our interpretation mutations, which accumulate the hyperphosphorylated is more likely to be correct because we independently form of Bfa1 at the restrictive temperature. This mobility activated the spindle checkpoint by using ask1 mutants, shift of Cdc5 is not observed in cells arrested with nocoand we observed the same inhibition of Bfa1 phosphorydazole (Cheng et al., 1998) . This modification of Cdc5 lation as with nocodazole. They concluded that the may have functional consequences with respect to Bfa1 phosphorylated form of Bfa1 is the active form while we modification. conclude it is more likely to be inactive. We favor our Bub2 and Bfa1 are also required to prevent mitotic conclusion based on the suppression of cdc5-2 mutants exit in response to spindle misorientation, which we show by loss of BFA1, the synthetic lethality of BFA-11A with prevents Bfa1 hyperphosphorylation, but this regulation cdc5-1, and the inability of Tem1 to associate with hyis Mad2 independent (data not shown). Currently, the perphosphorylated Bfa1. 
Yeast Strains and Cytological Techniques
Clearly, the DNA damage checkpoint has evolved a Strains used in this study are listed in Table 1 . BFA1-tagged and mechanism to regulate mitotic exit in a manner that is TEM1-tagged strains were made by using a PCR-based method (Longtine et al., 1998). The cdc5-dg mutant was made as described distinct from the mechanism employed by the spindle no longer active and Cdc5 phosphorylates Bfa1. This phosphorylation interferes with Bfa1's ability to asso-
